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In the subventricular zone of the adult mammalian forebrain,
neural stem cells (NSCs) reside and proliferate to generate young
neurons. We screened factors that promoted the proliferation of
NSCs in vitro by a recently developed proteomics technique, the
ProteinChip system. In this screen, we identified a soluble carbo-
hydrate-binding protein, Galectin-1, as a candidate. We show
herein that Galectin-1 is expressed in a subset of slowly dividing
subventricular zone astrocytes, which includes the NSCs. Based on
results from intraventricular infusion experiments and phenotypic
analyses of knockout mice, we demonstrate that Galectin-1 is an
endogenous factor that promotes the proliferation of NSCs in the
adult brain.

lectin � mobilization � stem cell niche

Recently, neural stem cells (NSCs) residing in the adult CNS
have been studied to elucidate the mechanisms of ongoing

tissue maintenance (1) and to develop strategies for regenerating
the damaged CNS (2, 3).

Two neurogenic regions have been identified in the forebrain
(FB): the subventricular zone (SVZ) of the lateral ventricle (LV)
(4–6) and the subgranular layer of the hippocampal dentate
gyrus (7–9). NSCs in these regions can generate functional
neurons in the adult brain (10–12). Clinically, soluble factors that
regulate these progenitor cells may be useful for regenerating the
damaged CNS (13). The identification of additional factors that
promote the proliferation of stem cells will contribute to NSC
biology and to the development of innovative strategies for brain
repair.

The proliferation and differentiation of various adult stem
cells are regulated by common soluble factors (14). OP9 is a cell
line that has been used to screen for factors that support
hematopoietic stem cells (HSCs) (15, 16). In the present study,
we found that OP9 conditioned medium (CM) promoted neu-
rosphere formation, by which the proliferation of NSCs can be
monitored in vitro (17). Using the ProteinChip system (18), we
identified Galectin-1 as one of the molecules responsible for this
activity.

Galectin-1 is a soluble carbohydrate-binding protein (19, 20)
that has been implicated in a variety of biological events (21, 22).
Carbohydrates on the cell surface may be involved in the
intercellular interactions of various stem cells, including NSCs
(23–25) and HSCs (26). A recent report suggested that
Galectin-1 promotes the proliferation of HSCs in vitro (27).
However, its functions in NSCs remain unknown. Here, we
report on the expression and function of Galectin-1 in the adult
mammalian brain.

Results and Discussion
Galectin-1 Was Found in OP9CM. To examine how OP9 cells affect
the proliferation of NSCs, we cultured neurosphere cells (17)

with or without OP9CM. At a density of one cell per well, no
neurospheres formed in cultures grown without OP9CM (Fig.
1A, Ctrl; n � 800 cells) (28). In contrast, at the same culture
density, of the total cells grown with OP9CM (n � 400), 49
(12.4 � 0.54%) initiated neurosphere formation (Fig. 1 A, OP9).
Interestingly, the CM from OP9 cells that were passaged repeat-
edly over 6 months (inactivated OP9, IA-OP9) did not support
neurosphere formation (Fig. 1 A, IA-OP9; n � 800).

To identify the OP9-derived molecules that enhanced neuro-
sphere formation, we used an expression screen based on mass
spectrometry (18) to detect molecules that were more abundant
in OP9CM than in IA-OP9CM. A signal at �14.6 kDa showed
a reproducible difference in peak height between the two CMs
(Fig. 5, which is published as supporting information on the
PNAS web site). This fraction was purified, concentrated, and
separated by SDS�PAGE, and the band was cut from the gel and
analyzed by tandem mass spectrometry (see Materials and
Methods). We obtained two amino acid sequences (VRGEVAS-
DAK and EDGTWGTEHR) that were identical to portions of
the Galectin-1 protein (n � 3), suggesting that the 14.6-kDa peak
was Galectin-1. Western blotting with a specific Ab showed that
the OP9CM contained more Galectin-1 than did the IA-OP9CM
(n � 3; P � 0.01).

Adding recombinant Galectin-1 protein (10 and 100 ng�ml) to
the culture medium enhanced the formation of neurospheres
cultured at 100 cells per well (Fig. 1B; P � 0.01, ANOVA).
Galectin-1 did not mimic the full activity of the OP9CM,
suggesting that there are other factors that enhance neurosphere
formation in the OP9CM. The neurospheres grown with
Galectin-1 (100 ng�ml) were larger (Fig. 6A, which is published
as supporting information on the PNAS web site; P � 0.05),
formed more secondary neurospheres (Fig. 6B; P � 0.05), and
differentiated into neurons, astrocytes, and oligodendrocytes
(Fig. 1C). Together, these results suggest that Galectin-1 is one
of the factors in OP9CM that enhances neurosphere formation.

Expression of Galectin-1 in the Adult Mouse FB. To investigate the in
vivo function of Galectin-1, we examined its expression in the
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mouse brain by using a Galectin-1-specific Ab (29). To confirm
the specificity and sensitivity of the staining procedures, brain
sections from a galectin-1-null mutant mouse (30) were simul-
taneously incubated with the same anti-Galectin-1 Ab, and we
observed no staining (Fig. 7, which is published as supporting
information on the PNAS web site).

In the adult mouse FB, as reported previously (31), subsets of
neurons in the cortex were Galectin-1� (Fig. 7A�). In addition,
we found Galectin-1 staining signals in the SVZ (Fig. 7A�) and
dentate gyrus (Fig. 8A, which is published as supporting infor-
mation on the PNAS web site), the two major adult neurogenic
regions. RT-PCR analysis also showed that Galectin-1 is ex-
pressed in the SVZ (Fig. 8B). Almost all of the Galectin-1� cells
in the adult SVZ expressed glial fibrillary acidic protein (GFAP)
(Fig. 2A; see Fig. 8C for the confocal image), Nestin (Fig. 8D),

and S100� (Fig. 8E). Some of these Galectin-1� cells were
positive for Ki67 (Fig. 8F) (32), a nuclear marker of cellular
replication. With regard to Galectin-1 expression in GFAP� cells
outside the SVZ, we found that subsets of GFAP� cells in the
subgranular layer and hilus were Galectin-1� (Fig. 8A), whereas
most of the GFAP� cells in the cortex and striatum were
Galectin-1	 (Fig. 8 G and H). In the SVZ, the GFAP� astrocytes
(type B cells) have been shown to act as NSCs (33, 34), which
generate Dlx��Mash1� type C cells (35, 36) (Toida Kazunori,
personal communication) and subsequently differentiate into
PSA-NCAM��Dlx��Mash1	 type A cells (in which PSA-
NCAM is the polysialylated neural cell adhesion molecule) (35,
36). Among striatal neurons (Fig. 8I), Mash1� type C cells, and
PSA-NCAM� type A cells (Fig. 8J), none showed Galectin-1
immunoreactivity. Dissociated SVZ cells were stained with

Fig. 1. Galectin-1 enhances neurosphere formation. (A) Effects of CM on neurosphere formation. Ctrl, control. (A�) The neurospheres initiated by OP9CM could
be passaged more than five times. (B) Galectin-1 enhances neurosphere formation. Note that some neurospheres formed in the control cultures under this
condition (culture density of 100 cells per well). *, P � 0.01. (C) The neurospheres initiated by Galectin-1 differentiated into neurons and glial cells. Representative
images of differentiated cells from a neurosphere generated with recombinant Galectin-1 and immunostained with each neural lineage marker are shown.
Tubulin �III (neurons, red, white arrows), GFAP (astrocytes, green, green arrows), O4 (oligodendrocytes, light blue, arrowheads), and Hoechst (nucleus, dark blue)
images were obtained by confocal laser microscopy. (Scale bars: A, 100 �m; C, 10 �m.)

Fig. 2. Galectin-1 is detected in SVZ astrocytes. (A) Low-magnification images of Galectin-1 (A) and GFAP (A�) double immunostaining in the coronal section
through the LV. Galectin-1 and GFAP double-positive cells are seen in the SVZ (arrows). Note there are some Galectin-1-negative cells among the GFAP� cells
(e.g., arrowhead). (A�) Merged image. CC, corpus callosum; Str, striatum; Dlc, dorsolateral corner. (B) Experimental schema for marking slowly dividing cells. (C)
Slowly dividing Galectin-1� cell. High-magnification confocal image of a Galectin-1 (green in cell soma) and BrdU (red in nucleus) double-positive cell in the SVZ.
Sections were made after 2 weeks of oral BrdU administration followed by 10 days of wash-out. (C� and C�) 3D reconstruction images. (Scale bars: 5 �m.)
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anti-Galectin-1 and anti-GFAP Abs to determine the percent-
ages of each cell population in the SVZ. Of the total SVZ cells
counted (n � 336 from three mice), 32.7 � 6.38% (110 cells)
were Galectin-1�, and 31.3 � 6.99% (105 cells) were GFAP�. Of
the GFAP� cells, 71.4 � 1.48% were also Galectin-1�. These
results suggest that Galectin-1 is expressed in a subset of SVZ
astrocytes.

To detect the slowly dividing NSC population in the SVZ (37),
we gave BrdU to mice in their drinking water for 2 weeks and
killed the mice 10 days later (Fig. 2B); this delay allowed the
BrdU in the rapidly dividing type C cell population to be washed
out and the type A cell population to migrate to a more rostral
region, out of the SVZ (37). A subpopulation of the long-term
BrdU-retaining cells expressed Galectin-1 (Fig. 2C). Thus, we
conclude that Galectin-1 is expressed in a subset of GFAP� SVZ
astrocytes that includes NSCs.

Galectin-1 Facilitates Proliferation of Neural Progenitor Cells in the
Adult FB. The in vitro functions and in vivo expression pattern of
Galectin-1 led us to examine whether it promotes adult neural
progenitor proliferation in vivo. Galectin-1 protein was infused

into the mouse LV for 7 days, and the number of neurospheres
derived from the SVZ was counted (Fig. 3A); this number should
reflect the number of progenitor cell types in the SVZ, including
type B and C cells (36). As expected, significantly more neuro-
spheres were formed by SVZ cells from the Galectin-1-infused
adult brains than by SVZ cells from the control brains (Fig. 3B).
The neurospheres in these cultures retained the properties of
stem cells in vitro, and the proportion of neurons produced from
the spheres was not significantly different (Galectin-1, 7.61 �
0.61%; control, 5.84 � 0.47%).

Next, we tested the effects of Galectin-1 on cell proliferation in
the SVZ by infusing it into the LV, followed by BrdU injections
every 2 h for 10 h (Fig. 3C). Thirty minutes after the last BrdU
injection, the mice were killed. We counted the number of BrdU�

cells in the SVZ of the LV and found a significant increase, on
average, compared with the saline-infused control group (Fig. 3 D
and E; P � 0.01; n � 3 mice each). There was no significant
difference in the number of apoptotic cells in the SVZ between the
two groups (Fig. 9 A and B, which is published as supporting
information on the PNAS web site), suggesting that the Galectin-
1-induced increase in BrdU� cells was caused by increased prolif-
eration rather than increased cell survival.

Fig. 3. Galectin-1 facilitates neural progenitor cell proliferation in the adult FB. (A) Experimental schema of the neurosphere formation assay after Galectin-1
infusion. (B) Galectin-1 significantly increased the number of neurosphere-initiating cells in the SVZ. *, P � 0.05. (C) Experimental schema of BrdU infusion after
Galectin-1 infusion. (D) Low-magnification images of BrdU� cells in the SVZ after Galectin-1 infusion. (E) Galectin-1 infusion significantly increased the number
of BrdU� cells in the SVZ. **, P � 0.01. (F) Experimental schema for labeling cells that retained BrdU long after Galectin-1 infusion. The mice were killed at the
17- or 37-day time point. (G) BrdU-labeled cells after infusion of saline or Galectin-1. (H) In the Galectin-1-infused brain, the number of BrdU� cells was
significantly greater than in the saline-treated brain at 17 and 37 days. *, P � 0.01; ***, P � 0.0006. Str, striatum. (Scale bars: D, 50 �m; G, 15 �m.)
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To determine what type of cells in the SVZ proliferated in
response to the Galectin-1 infusion, we used cell-type markers
(Fig. 10, which is published as supporting information on the
PNAS web site) that allowed us to distinguish proliferating type
B (BrdU��Sox21��Dlx	), type C (BrdU��Mash1�), and type A
(BrdU��Dlx��Mash1	) cells from others (BrdU��Sox21	) (Ta-
ble 1; see Materials and Methods for details). The Galectin-1
infusion significantly increased the number of proliferating type
B and C cells (Table 1; P � 0.05, Mann–Whitney U test).

Infusion of Galectin-1 Protein Increases the Slowly Dividing SVZ Cells.
We next examined the effect of Galectin-1 on the number of
slowly dividing cells. We gave BrdU to mice in their drinking
water during the 1-week infusion of Galectin-1 protein and killed
them 17 or 37 days after the beginning of the infusion (Fig. 3F).
There were significantly more BrdU� cells in the SVZ of the
Galectin-1-infused brains than in that of the control brains at
both time points (Fig. 3 G and H; day 17, P � 0.01, n � 3 each;
day 37, P � 0.001, n � 3 each). These data suggest that Galectin-1

infusion increased the population of slowly dividing SVZ pro-
genitor cells.

Galectin-1 exists in either a reduced or oxidized form, and only
the reduced form possesses carbohydrate-binding activity (38).
The infusion of CS-Galectin-1, a reduced form in which all of the
cysteines responsible for its oxidation have been converted to
serine (39), significantly increased the number of slowly dividing
cells (Fig. 11, which is published as supporting information on
the PNAS web site; day 17, P � 0.001, n � 5 mice each). In
contrast, the oxidized Galectin-1 did not have a significant effect
(Fig. 11C). These results suggest that the carbohydrate-binding
capacity of the extracellularly administrated Galectin-1 is re-
quired for its effect on the number of slowly dividing cells. We
also found that CS-Galectin-1 could bind to SVZ cells, including
GFAP� astrocytes (unpublished data), suggesting that these
cells are responsive to Galectin-1.

Galectin-1-Null Mice Have Fewer Neural Progenitor Cells in the Adult
Brain. To study the function of endogenous Galectin-1 in adult
neural progenitor cells, we analyzed the phenotype of adult
galectin-1 mutant mice. First, we counted the number of cycling
cells in the SVZ by using proliferating cell nuclear antigen
(PCNA), a proliferation marker (40), and found significantly
fewer in the galectin-1-null mice than in their wild-type litter-
mates (Fig. 4 A–C; P � 0.01; n � 3 each). We also examined the
number of type C cells by counting the Mash1� cells, of which
there were also significantly fewer in the galectin-1-null mice than
in wild-type littermates (Fig. 4 D–F; P � 0.05; n � 3 each). We
then treated the animals with BrdU for 2 weeks, followed by a
10-day wash-out period (Fig. 4G), and found that there were
significantly fewer slowly dividing cells in the SVZ of the
galectin-1-null mice than in their wild-type littermates (Fig. 4
H–J; P � 0.01; n � 3 each). Furthermore, infusion of an

Table 1. Galectin-1 increases the number of SVZ astrocytes in the
adult brain

Treatment

No. of cells

Type B Type C Type A

Saline 40 � 14 200 � 12 64 � 6.6
Galectin-1 66 � 7.0* 280 � 2.0* 64 � 31
Galectin-1�saline relative ratio 1.7 1.4 1.0

Significantly increased numbers of SVZ astrocytes (type B cells) and type C
cells were observed in the Galectin-1-infused brain. Data are the average
counts from 50-�m sections. *, P � 0.05.

Fig. 4. Adult galectin-1-null mice show decreased neural progenitor cells. (A–C) Significantly fewer PCNA� cells were seen in the SVZ of galectin-1-null mice
than in wild-type littermates. **, P � 0.01; n � 3 each. (D–F) Significantly fewer Mash1� type C cells were seen in the SVZ of galectin-1 null mice than in wild-type
littermates. *, P � 0.05; n � 3 each. (G–J) Fewer slowly dividing cells were seen in galectin-1-null mice than in wild-type mice. Slowly dividing cells in the SVZ were
visualized as described in the legend of Fig. 2B. Dotted lines are drawn around the SVZ in H and I. (I) Significantly fewer long-term BrdU-retaining cells were
observed in the SVZ of galectin-1 mutant mice than in wild-type littermates. **, P � 0.01; n � 3 each. (Scale bars: 50 �m.)
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anti-Galectin-1 neutralizing Ab (29) into the LV of adult wild-
type mice significantly decreased the number of slowly dividing
cells (Fig. 12, which is published as supporting information on
the PNAS web site), a phenotype similar to that seen in
galectin-1-null mutants (Fig. 4 G–J), suggesting that the endog-
enous Galectin-1 protein in the adult SVZ plays a role in the
maintenance of neural progenitor cells. Moreover, the galectin-
1-null mutation did not affect the number of apoptotic cells in
the SVZ (Fig. 9 C and D). Together, these data suggest that
Galectin-1 is required for the normal proliferation of type B and
C cells in the adult brain.

The proliferation of adult and fetal NSCs is regulated by
distinct mechanisms (41). Radial glial cells act as NSCs in the
fetal and early postnatal brain and then may differentiate into
astrocytes, expressing GFAP at approximately postnatal day (P)
7–15 (42, 43). Interestingly, Galectin-1 is not expressed before P9
in the FB (44). The brain of galectin-1-null mice at birth is
indistinguishable from that of wild-type littermates (30, 45)
except for an aberrant topography of olfactory axons (46).
Therefore, Galectin-1 is most likely to play a role in adult NSCs
rather than in embryonic NSCs. Taken together, our results
demonstrate that Galectin-1 is expressed in slowly dividing SVZ
astrocytes, which include the NSCs (34), and plays an important
role in the proliferation of adult neural progenitor cells, includ-
ing SVZ astrocytes. Stem cells reside in an area called a niche
(47, 48), which has a characteristic cellular composition and
signal mediators. In the niche, the state of each cell [i.e., cell
cycle, apoptosis, and cell–cell or cell–extra cellular matrix
(ECM) interactions] is strictly regulated to maintain stem cell
homeostasis. Although ECM proteins are enriched in the SVZ
(24, 49, 50), the niche for NSCs, the physiological significance of
their carbohydrate structures has not been well characterized. In
general, lectins exert their biological effects by binding to certain
carbohydrate structures. Galectin-1’s carbohydrate-binding abil-
ity is required for some functions but not others (27, 39, 51, 52).
The present study suggests that the carbohydrate-binding activity
of Galectin-1 is required for its promotion of adult neural
progenitor cell proliferation. The analysis of Galectin-1 function
will help us understand the important roles of carbohydrate
molecules in stem cell biology, which may lead to the develop-
ment of innovative therapies for human diseases.

Materials and Methods
Evaluation of OP9CM Activity. To assay the CM activity (see
Supporting Materials and Methods, which is published as sup-
porting information on the PNAS web site), neurospheres,
prepared as described in ref. 53, were dissociated with trypsin
and then FACS-sorted (Supporting Materials and Methods) at
one cell per well directly into 96-well low-adhesion microtiter
plates (Costar) containing each CM in a separate well. Human
Galectin-1 was purchased from Genzyme Techne. To prepare
the neurosphere CM (NSCM), neurospheres were cultured in
the basal medium with 20 ng�ml human recombinant EGF
(PeproTech, Rocky Hill, NJ) and FGF-2 (Genzyme Techne) for
48 h. To evaluate the activity of Galectin-1, the cells were sorted
at 100 cells per well into NSCM-containing medium.

Molecular Identification of Galectin-1 in the CM. The OP9CM and
IA-OP9CM preparations were analyzed by using the Protein-
Chip system (Ciphergen Biosystems). To screen the differ-
ences in peak heights, chemical surface chips that were
positively charged, negatively charged, hydrophobic, C4, and
Zn were used in the range of 500–200,000 Da. The affinity of
the protein for each chip was monitored by using wash buffers
of several pH values. To purify the 14.6-kDa protein, 200 ml
of the OP9CM was freeze-dried, and a condensed solution was
run on a Q-100 column (General Electric). The fraction that
was eluted with 200 mM NaCl was used for SDS�PAGE. The

14.6-kDa band was cut from the gel and used for amino acid
sequencing by tandem mass spectrometry.

Infusion into the SVZ and Adult Neurosphere Culture. Galectin-1 (2
or 14 �g), anti-Galectin-1 neutralizing Ab (rabbit IgG, 30 �g�ml,
Kirin Brewery), or control rabbit IgG (30 �g�ml, Kirin Brewery)
was dissolved in 0.9% saline with 1 mg�ml mouse serum albumin
(Sigma) and infused into the LV as described in ref. 54 by using
an osmotic pump (Alzet, Palo Alto, CA) at 0.5 �l�h for the given
number of days. Adult neurosphere cultures from the infused
brain samples were prepared as described in ref. 54.

Immunohistochemistry. Brains were perfusion-fixed with 4% para-
formaldehyde (PFA) and postfixed in the same fixative over-
night, and 50-�m sections were cut on a vibratome. Differenti-
ated neurospheres grown on coverslips were immersion-fixed in
4% PFA for 15 min at room temperature. After three rinses in
PBS, the neurospheres or sections were incubated for 1 h in TNB
blocking solution (Vector Laboratories), incubated with primary
antibodies overnight, and incubated for 60 min at room tem-
perature with biotinylated secondary antibodies (1:200) or Alexa
Fluor-conjugated secondary antibodies (1:200; Molecular
Probes), unless otherwise noted. Biotinylated antibodies were
visualized by using the Vectastain Elite ABC kit and TSA
(Vector Laboratories). Anti-Galectin-1-neutralizing Abs were
prepared as described in ref. 39. Other primary antibodies used
in this study are described in Supporting Materials and Methods.

BrdU Labeling. For short-term labeling, after the intraventricular
infusion of Galectin-1 for 7 days, mice received i.p. injections of
BrdU (120 mg�kg dissolved in 0.007% NaOH in phosphate
buffer; Sigma) every 2 h for 10 h and were killed 0.5 h after the
last injection. For long-term labeling, 1 mg�ml BrdU was given
to mice in their drinking water for 2 weeks (or 1 week in
experiments involving the infusion of Galectin-1 or Abs). Mice
were killed 10 or 30 days after the last day of infusion, and the
brains were processed for immunohistochemistry.

Quantification of Histological Results. To quantify each cell type, 20
coronal vibratome sections of the SVZ (50 �m thick) were
obtained at the level of the caudate-putamen (1.0–0 mm rostral
to the bregma) from each hemisphere. The sections were stained
for three different markers with BrdU (Sox21�BrdU, Dlx�BrdU,
or Mash1�BrdU). Single confocal images were taken as 1-�m
optical sections (LSM-510; Zeiss) from each vibratome section.
The BrdU� nuclei that were positive for each marker (Sox21,
Dlx, or Mash1) were counted, and the total number of BrdU�

cells was multiplied by the ratio of the cells of each type to
BrdU� cells, yielding the numbers for each cell type as follows:
type B cells � total number of BrdU� [(Sox21��BrdU�) 	
(Dlx��BrdU�)], type C cells � total number of BrdU�

(Mash1��BrdU�), and type A cells � total number of BrdU�

[(Dlx��BrdU�) 	 (Mash1��BrdU�)]. The average number of
each cell type per 50-�m section throughout the LV is indicated
in each figure. Apoptotic cells were detected by using an ApoTag
kit (Intergen, Purchase, NY). We quantified the cells in the LV
contralateral to the infused side, because exposure to the
increased concentration of reagent in the LV could have an
artifactual effect.

Animals. For the adult mouse study, 8-week-old male mice were
killed by anesthetic overdose. galectin-1 knockout mice (129SJ
background) are described in ref. 30. The animals were main-
tained on a 12-h light�12-h dark cycle with unlimited access to
food and water. All experiments on live animals were performed
in accordance with Keio University guidelines and regulations.
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Statistical Analysis. Values are expressed as the mean � SE. An
unpaired t test (for two groups) or ANOVA with the Bonferroni
correction (for more than three groups) was used to evaluate the
differences of the averages, unless otherwise noted.
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